We sought to visualize the site of Bacillus anthracis spore germination in vivo. For that purpose, we constructed a reporter plasmid with the lux operon under control of the spore small acid-soluble protein B (sspB) promoter. In B. subtilis, sspB-driven synthesis of luciferase during sporulation results in incorporation of the enzyme in spores. We observed that B. anthracis Sterne transformed with our sspBp::lux plasmid was only luminescent during germination. In contrast, Sterne transformed with a similarly constructed plasmid with lux expression under control of the protective antigen promoter displayed luminescence only during vegetative growth. We then infected A/J mice intranasally with spores that harbored the germination reporter. Mice were monitored for up to 14 days with the Xenogen In Vivo Imaging System. While luminescence only became evident in live animals at 18 h, dissection after sacrificing infected mice at earlier time points revealed luminescence in lung tissue at 30 min after intranasal infection. Microscopic histochemical and immunofluorescence studies on luminescent lung sections and imprints revealed that macrophages were the first cells in contact with the B. anthracis spores. By 6 h after infection, polymorphonuclear leukocytes with intracellular spores were evident in the alveolar spaces. After 24 h, few free spores were observed in the alveolar spaces; most of the spores detected by immunofluorescence were in the cytoplasm of interstitial macrophages. In contrast, mediastinal lymph nodes remained nonluminescent throughout the infection. We conclude that in this animal system, the primary site of B. anthracis spore germination is the lungs.
The dissemination of infective Bacillus anthracis spores in the U.S. mail in 2001 led to 11 occurrences of cutaneous anthrax and 11 cases of inhalational anthrax, with five deaths in the latter group (summarized in reference 20) . The impact of this bioterrorism event on those individuals specifically and on society in general provided the impetus for researchers to further define the early steps in establishment of pulmonary anthrax, with the goal of developing potential intervention strategies. One of the first and still considered seminal reports on this subject was published in 1957 by Ross (30) . She described the uptake of spores by alveolar macrophages following intratracheal or aerosol delivery in guinea pigs. In that model, infected macrophages were transported to the regional lymph nodes, and germination of the spores within macrophages at those sites was followed by outgrowth and then dissemination of extracellular bacilli.
Even with this fundamental work by Ross, two central issues related to the pathogenesis of anthrax in animal models are sources of controversy. The first point is whether phagocytic cells are required for germination and outgrowth of B. anthracis spores. The second question is where does germination occur in pulmonary anthrax? Is it in the lymph nodes or the lungs? To address the first issue, Cote et al. (7) challenged macrophage-depleted mice parenterally with B. anthracis spores and observed that those animals died more rapidly than intact mice. These investigators also found that macrophages play a more important role than neutrophils in early host defense against anthrax (7, 8) .
Although several studies support the concept that Bacillus anthracis spores can germinate within the macrophages (9, (15) (16) (17) 39) , the fate of the germinated spore and the phagocyte itself are areas in which disparate results have been reported. Some investigators note that germination is followed by replication of bacilli in the macrophage and killing of the phagocytes (9, 31, 39) , whereas others observe no replication of the germinated spores in macrophages (16) . Still others report that macrophages kill vegetative cells (but not spores) of B. anthracis and remain viable (22) .
The contribution of other phagocytic cells in the pathogenesis of anthrax has also been proposed. In support of this idea, neutrophils have been shown to phagocytose spores and to permit germination within vacuoles, probably phagosomes (27) . Others hypothesize that dendritic cells facilitate the migration of Bacillus spores to the mediastinal lymph nodes (4, 5) . Indeed, Cleret et al. (6) recently showed that lung dendritic cells can transport spores to thoracic lymph nodes within 30 minutes after intranasal challenge.
There are conflicting reports in the literature about whether spore germination and outgrowth occur in the lungs of intranasally, intratracheally, or inhalationally infected mice (7, 10, 17, 24, 25) . To attempt to resolve the discrepant data concerning the site at which germination occurs and the type of innate immune cell(s) associated with spore germination, we sought to develop a Bacillus anthracis infection model in which to visualize the potential location of and cellular response to germination in a living animal. Bioluminescent Bacillus subtilis in which the luxAB operon from Vibrio harveyi is expressed under the control of the sspB spore promoter was previously described (32) . In that system, light emission is observed to correspond with germination in vitro; however, the luminescence reporter requires addition of exogenous luciferase substrate for light detection. More recently, the lux operon from Photorhabdus luminescens was cloned into various gram-negative and gram-positive bacteria (Pseudomonas aeruginosa [21] , Escherichia coli O157:H7 [34] , Staphylococcus aureus [12, 21] , Streptococcus pneumoniae [13] , or group A streptococcus strain 591 [28] ). In these cases, the entire lux operon that encodes luciferase and its substrate is incorporated such that exogenous substrate is not necessary, a modification that makes this operon more suitable for in vivo studies. We describe here the construction of bioluminescent Bacillus anthracis Sterne strains in which the lux operon was temporally expressed such that light was detectable on germination (germination reporter strain) or, as a control, during vegetative growth (vegetative reporter strain). The germination reporter strain was used to identify discrete and localized sites of germination within the lungs of infected mice during the course of infection by in vivo imaging. Luminescence from this strain was detected in situ, and the affected tissues were evaluated by cytological, histological, and bacteriological staining. Our observations, in contrast to a very recent report by Glomski et al., who used a vegetative cell reporter strain (14) , indicate that germination occurs in lung tissue within 30 min of intranasal challenge. We also show that alveolar macrophages appear to be the first cell type in contact with spores and that polymorphonuclear cells are the predominant phagocytic cells associated with spores late in infection.
MATERIALS AND METHODS
Bacterial strains and DNA manipulations. B. anthracis Sterne strain 34F2 (pXO1 ϩ pXO2 Ϫ ; obtained from Robert Bull, Naval Medical Research Center) was used for in vitro and in vivo experiments. Recombinant DNA techniques were conducted in E. coli strain DH5␣ (Invitrogen, Carlsbad, CA). Unmethylated plasmid DNAs were prepared from E. coli strain JM110 (Stratagene, La Jolla, CA). PCRs were done with the Expand High-Fidelity PCR system (Roche Diagnostics, Indianapolis, IN) in a PTC200 Peltier thermal cycler (MJ Research, Bio-Rad, Hercules, CA). Genomic DNA was extracted from B. anthracis strains using the Easy-DNA kit (Invitrogen, Carlsbad, CA), and plasmid DNA was purified using a QIAEX II gel extraction kit (Qiagen, Valencia, CA). DNA sequences were verified with the ABI Prism Big Dye method (Applied Biosystems, Foster City, CA) by the Biomedical Instrumentation Center at the Uniformed Services University.
Construction of luminescence reporter plasmids. The episomal reporter plasmids used in this study were derived in several steps from precursor plasmids originally designed to integrate the lux reporter cassettes into the B. anthracis chromosome within the native Bacillus ␤-lactamase gene (locus BAS2328). The plasmids used in or generated during this study are summarized in Table S1 of the supplemental material. The steps in assembly of the plasmid intermediates are also described in the supplemental material. To summarize, components of the bioluminescence reporters were amplified by PCR from the sources that follow and then spliced together by overlap extension with the primers shown in Table S2 of the supplemental material. A promoterless luxABCDE cassette flanked on the 3Ј end with a kanamycin resistance marker was derived by PCR from pXEN5 provided by Xenogen Inc. (12, 13) . The protective antigen (PA) gene promoter was amplified from pYS5, a Bacillus vector that encodes pag; that recombinant plasmid was graciously provided by S. Leppla (33) . The B. anthracis Sterne gene homologous to the small acid-soluble protein gene in Bacillus subtilis is locus BAS0815 (hereafter also called sspB). The promoter region of sspB was amplified from genomic B. anthracis Sterne DNA. Plasmid pYS5 was digested with ApaI-BamHI to release the PA-encoding sequence, and the 5.4-kb backbone DNA was reserved. A 1-kb PCR product was amplified (from pYS5) with mutagenic primers to introduce an ApaI site and SalI, NotI, and BamHI sites on either end. Following treatment of this fragment with ApaI and BamHI, the DNA segment was ligated into the corresponding ends of the pYS5 vector backbone to create pYS-NSB, an E. coli/B. anthracis shuttle vector for episomal expression in B. anthracis. The addition of NotI and BamHI restriction sites in the formation of pYS-NSB facilitated the incorporation of the lux reporter cassettes encoded on 5.8-or 5.9-kb NotI-BamHI fragments from precursor plasmids pPS10 and pPS9, respectively. The resultant reporter plasmid with the PA promoter-driven lux cassette was named pPS11 (the vegetative reporter), and the sspB promoter-driven reporter plasmid was named pPS12 (germination reporter).
Transformation of B. anthracis with luminescence reporter plasmids. Plasmids (pPS11, pPS12, or the shuttle vector pYS-NSB alone) were electroporated into B. anthracis with selection for kanamycin resistance as described by Koehler et al. (23) , with some modifications as indicated below. Briefly, 0.8 ml of an overnight B. anthracis Sterne culture was transferred into 25 ml of brain heart infusion (BHI) broth that contained 0.5% glycerol, and the bacterial culture was then incubated with shaking until the optical density at 600 nm (OD 600 ) reached 0.6. Cells were harvested by filtration, washed three times with 25 ml of ice-cold electroporation buffer (1 mM HEPES, 10% glycerol, pH 7.0), and resuspended in 1.25 ml of electroporation buffer. Five g of unmethylated plasmid DNA was mixed with 0.3 ml of the cell suspension on ice, and the DNA was electroporated into the bacteria with a Bio-Rad gene pulser (2.5 kV, 25 F, 800 ⍀). The resultant suspension with potential transformants was then incubated in 1 ml of BHI with 10% glycerol, 0.4% glucose, and 10 mM MgCl 2 buffer for 2 h with shaking at 37°C and spread onto kanamycin BHI agar plates. Colonies of Bacillus anthracis successfully transformed with pPS11 or pPS12 were identified on BHI plates with kanamycin by luminescence when scanned for 1 minute with a charge-coupled device (CCD) within the Xenogen In Vivo Imaging System (IVIS) detection chamber (Xenogen Corporation).
Generation and purification of luminescent B. anthracis spores. Single colonies of B. anthracis Sterne strain 34F2 or 34F2 transformed with pPS11 or pPS12 were taken from trypticase soy agar (TSA) and inoculated into TS broth (TSB) for culture overnight at 37°C. Each culture was spread onto modified germination (G) medium agar plates [0.2% yeast extract, 0.2% (NH 4 ) 2 SO 4 , 1.5% Bacto agar, 0.0025% CaCl 2 dihydrate, 0.05% K 2 HPO 4 , 0.02% MgSO 4 heptahydrate, 0.005% MnSO 4 quatrahydrate, 0.0005% ZnSO 4 dihydrate, 0.0005% CuSO 4 pentahydrate, 0.00005% FeSO 4 heptahydrate] with 50 g/ml kanamycin. The plates were incubated at 30°C for 8 to 10 days in the dark. Colonies scraped from the surface of the agar were resuspended in distilled water and were heat treated at 65°C for 1 h to kill any viable vegetative cells. Purification of spores was done with 58% (vol/vol) Renografin (Renocal-76 diluted in distilled H 2 O; Bracco Diagnostics, Princeton, NJ). Spores were layered onto the 58% Renografin and centrifuged at 6,000 ϫ g for 30 min in a swinging bucket rotor. The sedimented spores were washed twice with distilled water. After the final sedimentation, the spores were resuspended in distilled water to yield a final concentration of 10 9 to 10 10 spores/ml, as determined by vegetative outgrowth on TSA plates. Characterization of the Bacillus anthracis lux operon reporter strains. The temporal expression of luminescence from the B. anthracis spores transformed with either pPS11 or pPS12 was monitored by quantitation of photon emissions by the IVIS CCD camera over time. Spore solutions were incubated with germination solution (0.25 mM L-alanine, 1 mM inosine) or BHI broth in a total volume of 200 l in a 96-well plate at 37°C. Luminescence was recorded with 1-min exposure times every 5 to 10 min for 13 h. The emission of photons from selected and defined areas of triplicate samples was quantified using the Living Image 2.5 software package (Xenogen Corporation) and graphed using Microsoft Office 2000 Excel.
Vegetative growth patterns of the parent B. anthracis Sterne strain and the parent strain transformed with pPS11 were determined by measurement of the OD 600 of TSB cultures at various times over 8 hours. Germination efficiencies of the sspBp::lux reporter strain, vector-alone strain, and the host Sterne strain were compared by culturing spores in 5% BHI broth, taking samples from the broth cultures at various time points, and heat inactivating the vegetative cells at 68°C for 1 h, as described by Brahmbhatt et al. (3) . The heat-treated broth was then subcultured onto BHI agar to enumerate the residual heat-resistant spores. The decline in heat-resistant CFU over time was tested for both strains in three independent experiments. Within each experiment, three samples of each strain were heat treated and counted, and the geometric mean CFU for like samples was determined.
Inoculation and observation of luminescence in infected mice. Six-to 8-weekold female A/J mice, purchased from The Jackson Laboratory (Bar Harbor, ME), were used throughout the study. To immobilize mice for observations in the IVIS instrument, isoflurane anesthesia was administered to mice with the XGI-8 gas anesthesia system (Xenogen Corporation). For subcutaneous inoculations, 100 l of spore suspension of about 10 9 CFU/ml was delivered via tuberculin syringes fitted with a 29-gauge needle into the loose skin on the backs of mice as previously described (41) . For intranasal spore challenge, mice were sedated with isoflurane as described above or with 2 mg ketamine and 0.3 mg xylazine administered intraperitoneally in a 100-l aqueous solution. Twenty-five to 50 l of spore suspension of varied concentrations (see below) was placed on the nares of anesthetized mice, and the mice were held upright until the inoculum was inhaled. The 50% lethal doses (LD 50 s) of luminescent and untransformed B. anthracis Sterne spores by both subcutaneous and intranasal routes were determined by treatment of groups of five mice each with doses of spores that ranged from ϳ10 3 to 10 5 spores for subcutaneous infection and ϳ10 5 to 10 7 for intranasal inoculation. The minimum dose of the reporter strain that resulted in luminescence in live mice was 10 4 spores administered subcutaneously and 10 7 spores administered via the intranasal route. For in vivo live imaging, mice were positioned within the IVIS detection chamber on their backs such that they received continuous isoflurane sedation through the nose cones of a gas anesthesia manifold within the imaging chamber. A luminescence signal was acquired for a maximum of 5 min using an IVIS CCD camera. At selected times postinfection, mice were euthanized by cervical dislocation while sedated. Under the direction of a veterinarian, the lungs were dissected from the mice with the tracheobronchial lymph node intact at the tracheal bifurcation, as described by Van den Broeck et al. (38) . Following removal of the lungs, the caudal mediastinal node was also excised. All the extracted tissues were scanned for luminescence using the IVIS for a maximum time of 5 min. Luminescent and nonluminescent lung tissues from infected mice and uninfected control mice were divided in half with a scalpel. A portion was quick-frozen in liquid nitrogen and then embedded in optimum cutting temperature compound (Sakura, Torrance, CA). Tissue blocks were stored at Ϫ80°C and thinly sectioned (6 to 8 m) to prepare slides for immunohistochemistry. The cut aspect of the remaining tissue portion was blotted onto clean microscope slides to prepare tissue imprints as described elsewhere (36) .
Determination of CFU.
To assess the concentration of B. anthracis in tissue after infection, lung tissues from infected mice were weighed and homogenized in 10 ml of sterile water. A portion of the homogenate was serially diluted and spread on BHI plates to assess the total number of microorganisms (spores and vegetative cells) per gram of tissue. Another fraction of the lung homogenate was diluted in preheated sterile water, held at 68°C for 1 h, and then serially diluted and cultured as above to enumerate the spores.
Microscopic tissue analysis. Frozen sections of mouse lung tissue or tissue imprints of dissected tissue were subjected to immunostaining as follows. Slides were blocked with 3% bovine serum albumin (Sigma, St. Louis, MO) in phosphate-buffered saline (PBS) overnight at 4°C and incubated with the correct primary antibody for 60 min at room temperature. Sections were washed twice with PBS for 5 min, incubated with the appropriate secondary antibody for 60 min at room temperature, washed again with PBS, and then allowed to air dry for 20 min. The samples were then mounted in Fluoromount-G (SouthernBiotech, Birmingham, AL). Immunofluorescence was observed with a Zeiss inverted confocal laser scanning microscope. The antibodies used included anti-BclA (B. anthracis exosporium glycoprotein) polyclonal antibody (3), anti-B. anthracis vegetative cell protein EA1 (42) (clone SA26; Abcam, Cambridge, MA), antimacrophage cell marker CD68 (clone FA-11; Serotec, Raleigh, NC), Alexa 488-conjugated goat anti-mouse immunoglobulin G (IgG; Molecular Probes, Carlsbad, CA), Alexa 594-conjugated goat anti-rat IgG (Molecular Probes), and Alexa 488-conjugated goat anti-rabbit IgG (Molecular Probes). To stain eukaryotic nuclear DNA, we used 4Ј,6-diamidino-2-phenylindode, dihydrochloride (DAPI; Molecular Probes). Tissue imprint slides were subjected to the WirtzConklin spore stain (18), a process in which 5% aqueous malachite green solution is applied with gentle heating for 5 minutes followed by 0.5% aqueous safranin counterstain. Endospores are readily distinguished as green spherules, in contrast to vegetative cells, phagocytic cells, and cellular debris, which retain the red safranin counterstain. Stained lung imprints from mice dissected at 30 min, 1 hour, 6 h, 24 h, and 48 h postinfection were viewed under oil immersion at 100ϫ magnification to enumerate polymorphonuclear leukocytes and macrophages with and without intracellular spores. Two blots were made of each tissue sample, and 50 oil immersion fields on each blot were counted.
Statistical evaluations. The LD 50 of the strains used in these experiments was calculated according to the method of Reed and Muench (29) . The vegetative growth curves of the parent and the germination reporter strains were generated by plotting the average outcome (OD 600 ) of three experiments per strain. To compare differences in germination rates among strains, changes in log 10 counts of bacteria from t 0 to t x were compared using a one-way analysis of variance (ANOVA) followed by Tukey's pairwise post hoc comparisons.
RESULTS
Temporally expressed lux reporter plasmids. B. anthracis reporter strains designed to exhibit bioluminescence during either germination or vegetative growth were constructed. In each case, the complete luxABCDE cassette was introduced into a Bacillus/E. coli shuttle vector that was then electroporated into the B. anthracis Sterne strain; therefore, addition of exogenous substrate to display luciferase activity in the transformants was not necessary. Reporter plasmid pPS11 exploited the vegetative PA promoter upstream of lux to signal vegetative growth. In pPS12, the B. anthracis homologue of the sspB promoter, previously shown to signal early steps in Bacillus subtilis germination, was inserted upstream of lux for detection of spore germination. Insertion of the reporter cassettes onto the B. anthracis Sterne strain chromosome within the ␤-lactamase gene was also considered. We reasoned that the reporters would be stably incorporated as a single copy in that gene in the absence of antibiotic selection. However, we could not be certain whether other factors might influence expression at that insertion site, nor was it clear that adequate signal would be detectable in vivo with a single-copy reporter cassette; therefore, we conducted the in vivo infection studies with reporters borne episomally in B. anthracis Sterne.
Spores were derived from Bacillus transformed with pPS11 (vegetative reporter) or pPS12 (germination reporter) under antibiotic selection to assure the retention of the lux reporter plasmids during sporulation. These spores were used to establish the kinetics of expression from the lux reporters with the IVIS instrument during germination and growth in broth in 96-well microtiter plates. Luminescence during growth in BHI broth, a medium that supports both germination and vegetative outgrowth, was compared with growth in minimal defined germination medium that permits germination but not vegetative growth (Fig. 1) . In the BHI assay (Fig. 1A) , luminescence peaked between 30 and 90 min for pPS12 and at about 3 hours for pPS11, an indication that lux expression in pPS11 and pPS12 was temporally regulated as predicted. As expected, the vegetative promoter-driven lux reporter strain emitted light only in BHI. In the germination medium, where only the early stage of germination can occur (1, 40) , there was no outgrowth into vegetative cells and therefore no lux expression or light emission from the PA vegetative reporter (Fig. 1B) . Light emission from the germination reporter was detectable with the IVIS after only 5 minutes of incubation. Such early bioluminescence (in medium that does not support vegetative growth) indicated that the LuxA, -B, -C, -D, and -E proteins encoded on pPS12 were packaged in the spores, remained stable, and were active upon germination, as is the case for the native SspB protein that is expressed during sporulation and packaged in the spore itself. Germination in the presence of protein synthesis inhibitors resulted in a reduced light emission (R. Cybulski, P. Sanz, and A. O'Brien, unpublished data); therefore, we reasoned that some bioluminescence during germination resulted from new protein synthesis, probably from RNA molecules also trapped in the spore during sporulation. As a negative control, spores were incubated in water, and no luminescence could be detected despite incubation for up to 14 h (data not shown).
Because our primary interest was to study the very early stages of Bacillus infection in vivo, we proceeded to focus on the germination reporter strain and compared its in vitro growth properties with those of the parent Sterne strain. We determined that the vegetative growth curves for the two strains were indistinguishable ( Fig. 2A) . In contrast, we noted in vivo that the LD 50 for the reporter strain was higher than that of the wild-type Sterne strain (as described below), an observation not predicted by the vegetative growth assessment.
To determine if the reporter strain was as germination competent as the wild-type B. anthracis Sterne strain, we compared the germination rates of the parent strain and the strain transformed with either pPS11 or the vector (pYS-NSB) alone in vitro. The proportion of spores from the vector-transformed strain that underwent germination was somewhat reduced compared to the germination levels observed with the parent strain (Fig. 2B) . Germination of the Lux reporter strain was significantly reduced compared to its parent strain or the parent transformed with vector alone (Fig. 2, P values) . Nonethe- Kinetics of germination of spores from the parent strain, the parent strain transformed with pYS-NSB, and the germination reporter strain. Spores were grown in 5% BHI broth, and samples were heat treated to inactivate vegetative cells at the time points shown. Colony counts following heat treatment represent the numbers of heat-resistant spores. The difference between the spore counts at the starting point (t 0 ) and those at subsequent test points (t x ) indicates the number of spores that germinated at each time point (error bars represent variations among three like samples at each time point Ϯ 1 standard deviation). The germination curves for three individual experiments are shown. The level of sspBp::lux reporter germination at 60 min (in red) is statistically lower than for the wild type (in black) (P Ͻ 0.001), as well as for the wild type with vector alone (in blue) (P Ͻ 0.001). There is also a difference in germination at 60 min between the wild type (black) and the wild type with vector alone (blue) (P ϭ 0.016).
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on August 29, 2017 by guest http://iai.asm.org/ less, the proportion of spores of each strain that had germinated after 1 hour was 99.90% for the wild type, 99.74% for the vector-alone strain, and 96.75% for the sspB promoter-driven lux reporter strain. Therefore, we reasoned that despite reduced germination efficiency in the reporter, the bulk of spores were capable of germination and establishment of lethal infection in mice, and so subsequent in vivo studies were undertaken.
In vivo expression of lux during Bacillus infection of mice. To assure that the lux operon was expressed and that luminescence was detectable in a live mouse, we first infected A/J mice by the subcutaneous route as previously described (41) . The calculated LD 50 by the subcutaneous route for the wild-type Sterne strain was 2.3 ϫ 10 3 CFU, whereas the LD 50 for the luminescent strain was 1.5 ϫ 10 4 CFU by that route. Luminescence was detectable in a live animal as early as 20 min after infection near the site of injection (Fig. 3) with an inoculum of 6 ϫ 10 7 CFU. This result indicated that germination had occurred and that the IVIS effectively captured the luminescent signal from the live infected animal.
Next, to study anthrax germination in the context of a pulmonary infection with the lux germination reporter strain, the mice were challenged with spores intranasally. We determined that the recombinant strain transformed with pPS12 had an LD 50 of 1.4 ϫ 10 6 CFU and the wild-type Sterne strain LD 50 was 6.7 ϫ 10 4 CFU by the intranasal route. The increased LD 50 of the transformant by both the subcutaneous and intranasal routes was consistent with the reduced germination efficiency of the reporter strain that we observed in vitro. We then challenged mice after anesthesia with ϳ1 ϫ 10 7 CFU of the germination reporter (about 10 LD 50 s) intranasally and regarded the live animals under sedation starting at 30 min postinfection and at various intervals up to 4 days. Table 1 summarizes the frequency and time of appearance of luminescence in these mouse experiments. A representative 48-hour kinetic study of five mice is shown in Fig. 4A . When luminescence was observed in live mice, it was consistently localized to the ventral pulmonary region (left or right). Although mice displayed luminescence at differing rates and mouse 1 was never observed to be luminescent, all of the mice in this experiment died. We reasoned that mouse 1 was infected but the infective dose was below the detectable luminescence threshold, or that luminescence was expressed during an interval when that animal was not being screened with the IVIS. The earliest evidence of luminescence in live mice was observed at 18 h (Fig. 4B) . Luminescence remained detectable in live animals between 2 and 4 days after infection (data not shown). In some cases the light signal disappeared over time and before the death of the animal, but in other cases animals showed luminescence until death. This variation might reflect a difference in the extent of germination in different animals. To control for the potential that inhalation of isoflurane anesthesia might in itself contribute to germination of the reporter spores, a subset of mice were anesthetized with ketamine intraperitoneally prior to spore challenge and their tissues were evaluated for luminescence. No difference was seen in the frequency, location, or time of appearance of luminescence with ketamine anesthesia (Table 1) . Bioluminescence was measured during intranasal infection with the vegetative (pag::lux) reporter strain as well. With that construct, luminescence was detectable as early as 18 to 20 h and was confined to the lungs of infected animals. However, the signal was more intense than the germination signal, a finding consistent with vegetative replication (data not shown).
Localization of the site of germination. Necropsy of infected luminescent mice allowed us to better define the origin of the germination reporter signal. Once the overlying tissues were retracted, the source of light emission was sharper and confined to distinct foci in the lobar lung tissue of the infected A/J mice (Fig. 5 ). This luminescent lung tissue was distinguishable from the nonluminescent lymph tissue at the tracheal bifurcation (not shown). After removal of the lungs, the caudal mediastinal lymph node was dissected from each mouse, but none of these excised nodes was luminescent when scanned with the IVIS (Fig. 5C and D show a representative sample) . The IVIS was also used to further isolate the luminescent portions of the lungs for microscopic studies (Fig. 5C and D) . Dissection was performed on mice euthanized at early time points after infection to detect luminescence in situ before mice showed gross a Euthanized animals were imaged after the abdomen and thorax were opened to reveal respiratory and digestive tracts and prior to extraction of tissues. luminescence. As early as 6 hours postinfection, foci of light emission were seen in the lungs of some sacrificed mice before the tissue was disturbed or removed from the thoracic cavity (data not shown). In others, the lung tissue was excised and then scanned with the IVIS. The earliest observation of luminescence from a germination reporter strain in extracted lung tissue was at 30 min postinfection. The microscopic findings from those tissues are discussed in the following section.
Microscopic examination of luminescent tissues. In all the infected mice analyzed, the lungs were the only organs in which luminescence could be detected. Luminescent and nonluminescent tissues were removed from infected mice after sacrifice. Lung tissues from uninfected control mice were also examined. Slide tissue imprints of lung sections were subjected to Wirtz-Conklin spore stain and immunofluorescence staining with antibodies specific for CD68 on macrophages, BclA, the hair-like nap on the exosporium of spores (37) , and EA1, a predominant vegetative cell antigen (11) . Flash-frozen tissue sections were also stained for immunofluorescent detection of macrophages, spores, and vegetative cells as above. Tissue blotted on slides permitted better recovery and visualization of host cell types and bacterial morphologies, while frozen tissue sections allowed us to localize the cellular and bacterial antigens within the tissue architecture.
The phagocyte populations differed in tissues sampled at various times postinfection (Table 2 ). In lung imprints made at 30 min and 1 hour postexposure, macrophages with apparently intracellular malachite green-stained spores were seen along with numerous extracellular spores ( Fig. 6A and B, 1 h) . At 6 hours postexposure, there was a dramatic increase in polymorphonuclear leukocytes (PMNs), and many contained intracellular spores (not shown). The observation of enhanced recruitment of PMNs was sustained through 48 h (Fig. 6C and D,  24 h ). Vegetative cells were also seen on spore stains of lung tissue imprints, but they did not appear to be intracellular (not shown).
In frozen sections of lung tissue collected at 30 min after infection, spores were seen extracellularly and associated with macrophages in alveolar spaces. There was no microscopic evidence of structures resembling lymphoid tissue (Fig. 7A, B , and C). This observation was consistent with the results of spore stains from tissue imprints at the same time point. Vegetative cell antigen also was seen colocalized with macrophages at this early time point (Fig. 7D, E, and F) . Tissue imprints from infected lung harvested at 48 h and subjected to fluorescent antibody staining showed that neutrophils were present along with macrophages and that the PMNs also contained spores (Fig. 8A, B, and C) . This latter finding was consistent with spore stains of tissue imprints at 48 h ( Fig. 6C and D) . In frozen tissue sections taken at 48 h, macrophage and PMN morphologies were not readily distinguishable, although macrophage antigen (CD68) was detectable (Fig. 8D ) and colocalized with the vegetative cell antigen signal ( Fig. 8E and F) . Tissue from uninfected control mice showed no fluorescence with antispore or antivegetative antibodies and no cross-reactivity with labeled secondary antibodies. Furthermore, antiBclA and anti-EA-1 did not cross-react with vegetative cells or spores, respectively, from in vitro cultures (data not shown). PMNs were also detected in tissue imprints of infected lungs; however, the PMNs appeared somewhat later after challenge with B. anthracis spores. Although the PMNs phagocytosed spores, vegetative antigens were only seen in association with macrophages.
Colony counts from infected lung tissue. Aliquots of lung tissue homogenates were cultured directly or following heat treatment to enumerate vegetative cells and spores, or spores alone, respectively. We found that the volume of homogenate diluent influenced the outcome of colony counts. In samples that were homogenized in 1 ml of sterile water, vegetative growth was detected in lung tissue from all nine of the mice tested. The percentage of germination varied from 65 to 94%. When lungs were homogenized in 10 ml of sterile water, we observed significant germination (more than 15%) in five out of eight mice, with the percentage of germination varying from 54 to 81%. The variability seen with different tissue handling techniques suggests that other experimental conditions influence the colony count comparisons, as noted by others (8, 19) .
DISCUSSION
Here we describe the construction of a bioluminescent reporter plasmid in which expression of the lux operon, driven by the sspB promoter, was used to signal the early stages of spore germination in Bacillus anthracis Sterne strain. In vitro, B. anthracis transformed with the germination reporter showed an initial burst of light emission in broth culture that corresponded with germination. Light emission preceded the expression of the vegetative gene PA and was extinguished during vegetative replication. Mice infected intranasally with Sterne spores derived from the germination reporter strain were monitored with the Xenogen IVIS for light emission, a signal of germination in vivo. The IVIS technology was chosen because the approach is not invasive and the study of ongoing infection is not limited to postmortem analysis. We observed bioluminescence localized to the upper thorax of infected mice; this germination signal was apparent in anesthetized but otherwise-uncompromised mice within 18 h. Dissection of mice at earlier time points showed discrete areas of luminescence in situ in the lungs. These foci of luminescence were seen as early as 6 hours postexposure and prior to further dissection or disturbance of the respiratory tree. The earliest observation of the luminescent germination signal was 30 min postexposure in excised lung tissue. Staining of tissue imprints and frozen sections of bioluminescent lung tissue revealed the presence of extracellular spores and spores within alveolar macrophages. Fluorescent antibody staining confirmed the presence of spores in alveolar macrophages and provided evidence of vegetative growth in infected macrophages. Therefore, under the conditions we used, germination did not appear to occur randomly in the alveolar space, but rather where spores were associated with macrophages. Over time there was a reduction of free spores in the alveolar space. At later time points, numerous PMNs with and without intracellular spores were a From each tissue sample, two blots were prepared and stained with the Wirtz-Conklin spore stain. Cell counts were obtained by scanning 50 oil immersion fields on each blot. The numbers shown represent the sum of cells of each category seen on the two blots (100 oil immersion fields).
seen, a finding consistent with lung infection involving an inflammatory response. Conventional colony counts of lung tissue homogenate following heat treatment to inactivate vegetative cells provided additional evidence for germination in the lung, but variability in results based on sample processing techniques led us to draw conclusions regarding the site of germination on the bioluminescence and microscopic findings. Our results support observations by Cleret et al. (6) that alveolar macrophages phagocytose most spores in the first 10 minutes of infection, observations by Lyons et al. (25) that germination occurs in the lungs within 1 hour after inoculation, and those by Guidi-Rontani et al. (17) , who observed germination in macrophages 30 min after infection.
The controversy over the site and conditions necessary for germination is fueled by many variables in host models, anthrax strains, inoculation routes, and spore handling protocols. Heninger et al. showed that germination, as monitored by colony counts, may be increased when mice are euthanized with CO 2 (19) . Other confounding factors could include shifts in the tissue milieu caused by dissection or different anesthesia methods that could alone trigger germination. To minimize these potential sources of error, we used a real-time, quantitative bioluminescence method, genetically timed to generate a signal only during germination in a strain of Bacillus anthracis known to be capsule deficient but virulent to A/J mice. Visualization of germination-associated luminescence in whole live mice following inspiration of spores allowed us to determine when germination took place and to localize germination to the lungs. Furthermore, we concluded that the anesthesia we elected to use during spore challenge (isoflurane) did not appear to artificially induce germination, because similar results were observed in a subset of mice sedated with ketamine injected intraperitoneally.
Glomski et al. (14) recently described an encapsulated bioluminescent B. anthracis vegetative growth reporter strain in which the pag operon was replaced with a promoterless lux operon such that the resulting encapsulated strain was nontoxigenic and expressed light under control of the PA promoter. In mice challenged subcutaneously with this vegetative reporter strain, bacterial replication was seen at the site of infection with later involvement of draining lymph nodes and dissemination, even to the lungs. These authors concluded that the temporal distribution of vegetative lux expression following subcutaneous inoculation was consistent with germination in the primary site of infection prior to dissemination without a requirement for lymph node involvement. Our observation of germination signal within 20 min of subcutaneous inoculation and only at the site of infection reinforces their conclusions. Together, these studies concur with findings of Bischof et al. (2) , who showed that germination occurs 1 to 3 hours after infection and can happen extracellularly at an abraded skin surface before the development of a phagocytic response. 
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In contrast to our observations, Glomski et al. did not see luminescence in mouse lung tissue following spore challenge by intranasal inoculation. Instead, they observed that replication was confined to the upper respiratory tract, initially in the nasal cavity and later in the mandibular lymph nodes. They also found that intravenously inoculated encapsulated vegetative bacteria reached the lungs rapidly by the hematogenous route and readily multiplied there. These findings were interpreted to support the model of Ross that germination must occur outside the lung and pulmonary colonization follows that extrapulmonary first step. However, the PA-driven reporter strain used by Glomski et al. is luminescent only during vegetative growth, and so the site of germination could not be pinpointed in that work.
We believe that our evidence for germination in the lungs and the disparity between our results and those of Glomski et al. regarding growth in the lungs following intranasal exposure reflect differences between the inhalational models used, the numbers of spores that reached the alveoli, and the differences between the B. anthracis strains tested. It was our experience that deeply anesthetized mice, held upright for a few seconds following the inoculation of spores on the nares, inhaled the droplet of spores without swallowing. Hence, very high numbers of spores reached the alveolar spaces. In alert mice inoc- ulated by nebulization, more spores may become trapped in the upper respiratory tract, which would lead to local germination in the nasal cavity and associated lymphoid tissues with loss of a portion by swallowing. Indeed, in testing our protocol for isoflurane anesthesia, we determined that mice that awoke during the procedure were less likely to demonstrate pulmonary infection. In an inadequately sedated mouse that moved during spore inoculation, bioluminescence was first observed in the region of the lungs; however, luminescence was also seen in the region of the neck, possibly the cervical lymph nodes, and the lower abdomen. We postulated that some spores were swallowed and the resultant luminescence pattern was suggestive of the clinical symptoms of gastrointestinal anthrax, which include sore throat, enlargement of cervical lymph nodes, and soft tissue edema (35) . Of course, humans are likely to be alert and upright when exposed inhalationally to spores, and hence the nebulizer model is probably more relevant to human infection. Nonetheless, it is clear from our observations that if numerous spores reach the alveoli, germination ensues at that site in association with macrophages.
The importance of the capsule in dissemination of anthrax is no doubt a factor in the differing observations made in the Glomski study and the results presented here.
Glomski et al. constructed a luminescence reporter strain that is encapsulated but toxin negative. The Sterne strain used in our work is unencapsulated but retains the capacity to produce toxin. Therefore, we observed bioluminescence associated with germination and vegetative growth only in the lungs with our Sterne reporter strains. On the other hand, the encapsulated strain may have disseminated rapidly after germination in the lung, such that the vegetative growth signal in that area was not detectable but was rapidly evident at more distal sites. This theory may also explain the well-accepted findings of Ross, who did not observe germination in the lungs following inhalational challenge and who postulated that spores had to reach the mediastinal lymph nodes after being phagocytosed by alveolar macrophages to germinate and disseminate to other organs. Instead, germination may be followed so rapidly by dissemination that it is only readily visualized in the lung with a capsule-defective reporter strain, such as the Sterne sspB reporter we describe here.
We observed that a potential limitation for use of this sspBp::lux reporter was the reduced germination efficiency of the reporter versus the parent strain. In fact, the higher LD 50 of the reporter strain was proportional to decreased germination rates seen in the reporter strain (10-to 20-fold). Transformation with the vector backbone led to a partial reduction in the germination efficiency of the reporter strain that we attributed to the metabolic burden inherent in replication of additional episomal DNA. The presence of the lux reporter cassette affected germination more significantly. In Bacillus subtilis, deletion of sspB does not influence the extent of ger- Another potential drawback to this system is that detection of the germination signal in live infected mice is not very sensitive. Sensitivity was improved and detection hastened by viewing the opened thorax of euthanized infected mice or by excising tissue. Unfortunately, in doing so, the conservation of mice, which is an asset of the IVIS, was circumvented. Nonetheless, the advantage of localization of the luminescent signal within infected tissue without destruction of the tissue architecture is a clear advantage. Furthermore, because the sspB promoter-driven lux reporter strain provided a luminescent signal exclusively during the early steps in germination, it would be very useful in heavily infected mice for assessment of therapies and vaccines that interfere with germination.
Our studies reinforce the importance of macrophages in the establishment of pulmonary anthrax and prompt additional questions about the spore-macrophage interaction, the role of PMNs and dendritic cells in the host response to B. anthracis spores, and how these cells contribute to dissemination of disease. Overall, we share the view expressed by Glomski et al. that passage to regional lymph nodes is not required for germination or establishment of all forms of anthrax. Rather, when B. anthracis encounters a hospitable environment, germination and fulminant infection can ensue.
